The dependence on spin-lattice (T 1 ) relaxation of the firstharmonic absorption EPR signal (V 1 ) detected in phase quadrature with the Zeeman modulation has been investigated both theoretically and experimentally for nitroxide spin labels. Spectral simulations were performed by iterative solution of the Bloch equations that contained explicitly both the modulation and microwave magnetic fields (T. Pá li, V. A. Livshits, and D. Marsh, 1996, J. Magn. Reson. B 113, 151-159). It was found that, of the various non-linear EPR displays, the first-harmonic out-of-phase V 1 -signal, recorded under conditions of partial saturation of the microwave absorption, is particularly favorable for determining spin-lattice relaxation enhancements because of its superior signal intensity and relative insensitivity to spin-spin (T 2 ) relaxation. By varying the Zeeman modulation frequency it is also possible to tune the optimum sensitivity of the V 1 -signal to different ranges of the T 1 -relaxation time. A Zeeman modulation frequency of 25 kHz appears to be particularly suited to spin label applications. Calibrations are given for the dependence on T 1 -relaxation time of both the amplitude and the second integral of the V 1 -signal recorded under standard conditions. Experiments on different spin labels in solution and in membranes demonstrate the practical usable sensitivity of the V 1 -signal, even at modulation frequencies of 25 kHz, and these are used to investigate the dependence on microwave field intensity, in comparison with theoretical predictions. The practicable sensitivity to spin-lattice relaxation enhancements is demonstrated experimentally for a spin-labeled membrane system in the presence of paramagnetic ions. The first-harmonic out-of-phase V 1 -signal appears to be the non-linear CW EPR method of choice for determining T 1 -relaxation enhancements in spin-labeled systems.
INTRODUCTION
The response of a spin system to modulation of the Zeeman interaction is known to be phase-shifted relative to the harmonically modulated applied field because of the finite spin relaxation times of the system (1) . This shift in phase is usually treated in terms of two components of the EPR signal: those in-phase and those out-of-phase with respect to the static field modulation. It is the latter component that records specifically the phase retardation effects, and therefore it must be more sensitive to spin relaxation times than is the conventional in-phase absorption component.
The absorption EPR spectra of spin labels detected at the second harmonic, in phase quadrature with respect to the modulation field (i.e., the saturation transfer EPR spectra, VЈ 2 ) have been used recently to determine spin-lattice relaxation enhancements induced by Heisenberg spin exchange or by dipole-dipole interactions with fast relaxing paramagnetic species (2, 3) . These new applications of ST EPR spectroscopy, as well as conventional CW progressive saturation measurements, offer considerable promise for structural studies of biological membranes because they allow determination of the location of site-specifically labeled groups in membrane proteins and in phospholipids (4) (5) (6) (7) . Because the intrinsic spin-lattice relaxation times (T 1 ) of nitroxyl spin labels are usually 1-2 orders of magnitude larger than the spin-spin relaxation times T 2 (8, 9) , the former are of primary importance for such studies. The intensities of the VЈ 2 -spectra, although sensitive to T 1 , are also very sensitive to molecular rotation (10)-as is exploited in the usual application of ST EPR spectroscopy to studying slow rotational diffusion-and additionally are rather sensitive to T 2 -relaxation (11) . The saturation parameters from progressive saturation EPR experiments, on the other hand, are less sensitive to T 1 and also are dependent on T 2 directly (12, 13) .
Partly for reasons of sensitivity and also of availability and ease of use, most EPR measurements on spin-labeled biological systems are routinely made with conventional CW equipment. Therefore it is particularly useful and relevant to explore possible new non-linear CW EPR approaches for determining the effective spin relaxation times. The aim of the present work is to investigate the practical utility of measuring spin-lattice relaxation enhancements of spin-labeled biomolecules by using the out-of-phase first-harmonic EPR absorption signals (i.e., VЈ 1 ). It is shown here that the amplitudes or double integrals of the VЈ 1 -signal, normalized to the corresponding quantities for the in-phase signals, are more sensitive to T 1 and are less dependent on T 2 , as compared with the conventional in-phase first-harmonic absorption V 1 -spectra. The application of this approach to nitroxide spin labels in solution and in lipid membranes is demonstrated.
It should be emphasized that the spin-lattice relaxation times derived from CW saturation methods are effective values, because they contain contributions from nuclear relaxation. In general, they are smaller than the intrinsic values determined by timedomain methods such as saturation recovery (8, 9) . This point has been dealt with in some detail in a previous publication (14) . The application of CW methods with spin labels is, however, restricted mostly to determining spin-lattice relaxation enhancements, rather than absolute values of T 1 . An example of this that is directly related to structural determinations is given here. The principal advantage of the present method, relative to other CW saturation methods, is that it is insensitive to T 2 . This is most important when comparing spin-lattice relaxation enhancements from systems with different linewidths.
THEORY
For simplicity, we consider first a single-line EPR spectrum in the absence of molecular motion. The Bloch equations that include the microwave H 1 -field and the Zeeman modulation field are solved as described in Ref. (11) , by following the method of Ref. (15) . A Fourier expansion is made for the magnetization components (u, v, w) in the rotating frame, in terms of the harmonics, n, of the Zeeman modulation frequency, m . The resulting Fourier coefficients (u n , v n , w n ) are then expanded in a power series of the Zeeman modulation amplitude, H m . For the nth harmonic, the first non-vanishing coefficients (u n,n , v n,n , w n,n ) depend on the nth power of the field modulation. The lineshapes of the in-phase and out-ofphase absorption signals, V n,n and VЈ n,n , are given by the real and imaginary parts, respectively, of the Fourier coefficient v n,n . Expressions for the absorption lineshapes detected at the first-harmonic, both in-phase and out-of-phase with respect to the field modulation, and under conditions of partial microwave power saturation, are obtained by iterative solution of the Bloch equations (see Refs. (11, 15) )
where
and a ϭ T 2 /T 1 . In Eqs.
[1]- [3] , angular frequencies are expressed in terms of the transverse relaxation time, T 2 , i.e.,
where ␥ e is the electron gyromagnetic ratio, is the angular microwave frequency, and H is the static magnetic field strength. The zeroth harmonic (in-phase) solution is given by the normal slow-passage absorption lineshape (11), i.e.,
where s ϭ h 2 /a is the slow-passage saturation parameter. Here, the zeroth harmonic absorption is defined as having positive polarity.
In addition to the spectral amplitudes, the second integral of the out-of-phase VЈ 1,1 -signal and the out-of-phase/in-phase integral ratio
are also of interest, because the double integrals of the EPR spectra under saturation are known not to depend on the inhomogeneous broadening (13) . In order to investigate the functional dependences on spin relaxation times, as well as on the experimental parameters H 1 and m , analytical expressions are derived for the integrals by using the reasonable approximation that
For nitroxides in liquid solutions, the usual ranges for T 1 and T 2 are 5 ϫ 10
Ϫ7

-10
Ϫ5 and 10
Ϫ8
-10 Ϫ7 s, respectively (8, 9) . In these ranges, the following inequalities hold for m /2 Յ 100 kHz: a Ӷ 1, Ј Ӷ 1, and Ј 2 /a ϭ m 2 T 1 T 2 Ӷ 1, which lead to approximations for A and B that are given by
The condition A 2 ӷ B 2 Ј 2 is then equivalent to the inequality
which always holds for m T 1 Ͻ 1, and also for m T 1 Ͼ 1 in the case of low saturation (i.e., s Յ 1). Under these approximations, which allow one to neglect the second terms in the denominators of Eqs. [1] and [2] and the second term in the numerator of Eq. [1] , the expressions for the second integrals of the in-phase and out-of-phase first-harmonic absorption, and for the out-of-phase/in-phase integral ratio Ј 1 are
where the negative sign in Eq. [11] indicates that the out-of-phase and in-phase signals have opposite polarities. The analytical expressions, given by Eqs. [10] and [11] , contain the explicit dependence of the out-of-phase spectral integral and its normalized value, Ј 1 , on the relaxation times T 1 and T 2 , and also on H 1 and H m .
The microwave saturation of the amplitudes of an EPR spectrum is known to depend on the degree of inhomogeneous broadening. Nevertheless, it is useful to analyze the ratio of amplitudes for the out-of-phase and in-phase first-harmonic absorption EPR signals as an alternative (or supplementary) parameter for the T 1 measurements, because one may expect that the effects of inhomogeneous broadening are partially compensated in the amplitude ratio (see later). The potential advantage of using this amplitude parameter is the ability to deduce relaxation properties for different spin-label species which give overlapping spectra, or from EPR spectra with an underlying baseline that disturbs measurements of the double integral.
The ratio of the VЈ 1 -to V 1 -amplitudes at the same field position, D, is given from Eqs. [1] and [2] by
[12]
For the less stringent condition A ӷ BЈ 2 , together with the approximations given by Eqs. [7] , the expression for the amplitude ratio becomes
where ⌬ ϭ ␥ e (H-H o ) is the distance of the chosen field position, H, from the center resonance field, H o . It will be noted that the peak-to-peak V 1 -and VЈ 1 -amplitudes, for motionally narrowed first-harmonic spectra, correspond to different field positions (see Results). Besides the approximate analytical expressions Eqs. [11] and [13] for Ј 1 and Ј 1 (⌬), the exact integral and amplitude ratios were obtained directly from Eqs.
[1] and [2] , by using numerical integration in the former case. The latter exact results are used for establishing all calibration parameters and for deriving effective spin-lattice relaxation times from experimental data. The approximate analytical expressions are used for illustrative purposes in discussing the sensitivity to relaxation times and H 1 -field intensity.
MATERIALS AND METHODS
The spin label TEMPONE (4-oxo-2,2,6,6-tetramethylpiperidine-N-oxyl) was obtained from Eastman Kodak (Rochester, NY). Spin-labeled phosphatidylcholines, n-PCSL (1-acyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-phosphocholine), were synthesized according to Ref. (16) . Synthetic phosphatidylcholines, DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) were from Avanti Polar Lipids (Alabaster, AL).
TEMPONE was used at a concentration of 0.3 mM in argon-saturated glycerol/water solutions. Spin-labeled phosphatidylcholine, 5-PCSL, was incorporated in bilayer membranes of DMPC or DPPC at a relative concentration of 0.5 mol%, and correspondingly 16-PCSL was incorporated at 0.7 mol% (see, e.g., Ref. (11)). All membrane dispersions were saturated with argon. Aliquots of the samples were loaded into 50 l, 0.7 mm i.d., glass capillaries and flushed with argon. Sample sizes were trimmed to 5 mm length to avoid inhomogeneities in the H 1 and H m fields (17) .
EPR spectra were recorded at a microwave frequency of 9 GHz on a Varian Century Line spectrometer equipped with nitrogen gas flow temperature regulation. Sample capillaries were positioned along the symmetry axis of the standard 4 mm quartz EPR sample tube that contained light silicone oil for thermal stability. Temperature was measured with a fine-wire thermocouple located within the capillary in contact with the sample. Samples were centered in the TE 102 rectangular microwave cavity and all spectra were recorded under critical coupling conditions. The root-mean-square microwave magnetic field ͗H 1 2 ͘ 1/2 at the sample was measured as described in Ref. (17), and corrections were made for the cavity Q as described in the same reference. The in-phase and out-of-phase EPR spectra were recorded in the first-harmonic absorption mode at modulation frequencies of 100 and 25 kHz. The modulation field measured at the sample was 0.32 G p-p (17) . ST EPR spectra, where appropriate, were recorded under standard conditions, as described in Ref. (11) . Progressive saturation experiments were performed using the double-integrated intensity of the in-phase V 1 -spectra, essentially as described in Ref. (13) .
Correct recording of the VЈ 1 -signals, especially at low H 1 -values, depends crucially on accurate setting of the modulation phase, which in the standard protocols is performed at subsaturating microwave field intensities. The self-null method that is normally used is not always appropriate because the VЈ 1 -signal in phase quadrature is not zero, even in the absence of saturation (see Eq. [2] and Fig. 1 ). The phase therefore was set according to the following considerations of the spectral amplitudes and lineshapes about the region of the quadrature phase setting, for the sample to be measured. The first-harmonic voltage corresponding to the EPR absorption is the real part of the expression
i.e.,
If the phase of the lock-in-amplifier is shifted by an amount ⌬, relative to the phase of the applied modulation field, the observed signal is
When the phase angle is changed by a small amount, , on either side of the quadrature phase setting, ⌬ ϭ /2 Ϯ , where || Ӷ /2, the resulting signal is given by S Х Ϫ 1 2
(V 1 ϩ VЈ 1 ); i.e., S is approximately linearly dependent on . In the absence of saturation, the VЈ 1 -lineshape resembles that of the V 1 -signal, except in the wings (see Fig. 1a ), and the VЈ 1 /V 1 amplitude ratio is given approximately by m T 2 /2. The linear dependence of the signal intensity S() on the phase increment is distorted, however, in the vicinity of ⌬ ϭ /2, because the p-p linewidths of the V 1 -and VЈ 1 -signals differ. The 90°-phase setting was therefore estimated from the linear intercept of S() with the ⌬-axis by using the data points that lie outside the central "distortion" region. The error in this procedure is ␦ Ϸ VЈ 1 /V 1 , which can be appreciable for sharp lines. Moreover, the condition for no saturation (B Ϸ Ϫ2, i.e., (␥ e H 1 T 1 ) 2 Ӷ 1; see Eq. [3] ) is more difficult to achieve for the VЈ 1 -signal than for the in-phase V 1 -signal (viz. s Ӷ 1). For more accurate phase settings and also to check for possible phase drift, a non-saturable reference sample was used, because for this the null method is quite adequate at all accessible values of H 1 . The reference sample was a small monocrystal of CuSO 4 ⅐ 5H 2 O, which has an anisotropic exchange-narrowed EPR line. This was attached at the side of the sample, in an orientation at which the resonance field lies outside the range of nitroxyl spin label spectra. A phase setting precision of Ͻ0.1°could be achieved by this latter method.
RESULTS AND DISCUSSION
Out-of-Phase VЈ 1 
-Lineshape
As can be seen from Eq. [2] , the lineshape of the nonlinear VЈ 1 -signal depends strongly on the value of the parameter B. At sufficiently low values of H 1 , for which h
, the out-of-phase VЈ 1 -lineshape has the form shown by the exact simulations in Figs. 1a-1d . For the reverse condition, which holds already for rather moderate degrees of saturation, the VЈ 1 -lineshape is similar to that for the in-phase V 1 -signal (see Fig. 1e ), and becomes of the same polarity after phase-sensitive detection (cf. Eqs. [11] , [16] ). However, the dependences of the peak-to-peak amplitudes and peak-to-peak linewidths on the microwave H 1 -field intensity are significantly different for the in-phase and out-of-phase components, in the latter higher region of out-of-phase VЈ 1 -signal saturates at higher values of H 1 , and the peak-to-peak linewidth increases less strongly with increasing H 1 , than the in-phase V 1 -amplitudes and linewidths. The out-of-phase signal in this region of H 1 -values is considerably sharper than the in-phase signal, which contributes favorably to its relative amplitude.
The transition between the two regions, for which the outof-phase VЈ 1 EPR spectrum has very different lineshapes, is determined by the condition A ϩ 2B ϭ 0, and occurs at a microwave field specified by h*
[2], [3] and Ref. (15)). For the case T 2 Ӷ T 1 , which usually holds for nitroxide spin labels, the transition takes place over a rather narrow interval of H 1 -values (see Figs. 1a-1d), and the transition value of the microwave field H* 1 can then be used for direct evaluation of T 1 :
This requires precise determination of the H 1 -field intensity at low microwave powers, and precise definition of the critical transition point. For shorter spin-lattice relaxation times (T 1 Յ 0.5 s), the transition interval broadens, and in this case the T 1 -values can best be determined from lineshape simulations for H 1 -values in the transition region.
Experimental Dependence of VЈ 1 -Lineshape on H 1
Both types of VЈ 1 -lineshapes described above can be realized experimentally. The out-of-phase first-harmonic EPR spectra of TEMPONE in a 90% glycerol/water mixture at 20°C, measured at two different H 1 -fields with a Zeeman modulation frequency of 100 kHz, are given in Figs. 1f and  1g . The microwave field corresponding to the transition from spectrum 1a to spectrum 1e in this experimental system is H* 1 Ϸ 0.054 G (cf. Figs. 1c and 1f) . The corresponding value of the effective spin-lattice relaxation time estimated from Eq. [17] is T 1 Ϸ 2.2 s. It should be noted that the experimentally derived spin-lattice relaxation times are effective values, smaller than the intrinsic T 1 as determined by time-domain methods, because they contain contributions from nuclear relaxation (see, e.g., Ref. (18)). This point is treated in more detail elsewhere (14) .
For the regime of shorter T 1 -values, lineshape simulations were made in the transition region of H 1 -values for 0.7 mol% spin-labeled 16-PCSL phosphatidylcholine in fluid DMPC bilayer membranes. Experimental and simulated lineshapes are given as a function of H 1 in Fig. 3 . The change in lineshape takes place over an interval of H 1 -values broader than that obtained for the simulations with longer T 1 in Fig. 1 . Effective values for the spin-lattice relaxation time of 16-PCSL that are established in fluid membranes from comparison with the simulated dependence of the VЈ 1 -lineshape on H 1 are given in part (a) of Table 1 . It is interesting to note that the transition in lineshape of 16-PCSL occurs consistently at somewhat higher values of H 1 for the central (M I ϭ 0) 14 N hyperfine manifold than for the low-field (M I ϭ ϩ1) manifold (see Fig. 3 ). This small but detectable difference, which gives rise to different effective values of T 1 for the different hyperfine components (see Table 1a ), is most probably due to 14 N nuclear relaxation (⌬M I ϭ Ϯ1) which contributes to a greater extent to the central M I ϭ 0 14 N hyperfine component (e.g., Ref. (18)). Also for this reason, the effective values obtained for T 1 are lower than the intrinsic values of T 1 determined in comparable systems by saturation recovery EPR (14) . It will be noted that the accuracy of determining effective T 1 -values by this method depends essentially only on the accuracy of the determination of the absolute H 1 -values, but requires precise setting of the modulation phase.
FIG. 2.
Dependence of (A) the peak-to-peak amplitudes and (B) the peak-to-peak linewidths of the in-phase (full lines) and out-of-phase (dotted lines) first-harmonic absorption EPR spectra on the H 1 -field strength. Spectra were simulated without approximation according to Eqs. [1] and [2] for the in-phase and out-of-phase spectra, respectively. The modulation frequency is m /2 ϭ 10 5 s Ϫ1 and the intrinsic homogeneous linewidth is ⌬H (ϭ1/␥ e T 2 ) ϭ 2.0 G.
Dependence of the First-Harmonic Out-of-Phase Intensities on H 1
The saturation of the intensity of the double-integrated in-phase absorption component specified by Eq. [9] [7] ). In the limit of low modulation frequencies, i.e., Ј 2 Ӷ a, then A ϭ 1 ϩ s and the usual slow-passage expression for the double integral of the in-phase first-harmonic absorption is obtained. For low microwave saturation, when B Ϸ Ϫ2, A Ϸ 1, and s Ϸ 0, it follows from Eq. [11] that the out-of-phase/inphase integral intensity ratio is very small, i.e., Ј 1 Ϸ 0.
The opposite situation, in which the VЈ 1 -lineshape is similar to that for the in-phase V 1 -signal (see Fig. 1e ), is realized already for rather moderate saturation, for instance, for H 1 Ն 0.2 G with T 1 Ն 0.5 s. In this case, under conditions for which B Ϸ h 2 /(a 2 ϩ Ј 2 ) and the approximation given by Eq. [7] for the A-term holds, the integral intensity ratio is given from Eq. [11] by
[18]
For low modulation frequencies, corresponding to the condition m 2 T 1 2 Ӷ 1, further simplification is possible and the integral intensity ratio is then given by
where it is expected that the first term in Eqs. [18] and [19] is small, because T 2 /T 1 Ӷ 1. The dependence on H 1 -field strength of the normalized intensity and amplitude ratios of the out-of-phase first harmonic signal are given for different values of T 1 in Fig. 4 . Exact numerical results obtained directly from Eqs. [1] and [2] are compared with calculations based on the approximate analytical expression given by Eq. [18] . The analytical expression is seen to agree well with the exact solution for m T 1 Ͻ 1 and to deviate from this for m T 1 Ͼ 1, in line with the approximations that were made in deriving the former. The ratio of the out-of-phase to in-phase integral intensities increases strongly with increasing H 1 and tends to level off at high values of H 1 (i.e., for s ӷ 1). High values of H 1 (H 1 Ն 0.5 G) are needed in order to obtain appreciable VЈ 1 -signal strengths and, correspondingly, values of the intensity ratio with good signal-to-noise ratio.
The dependence of the peak amplitude ratio on H 1 is qualitatively similar to that for the integrated intensity ratio. The amplitude ratio increases strongly with increasing H 1 , in agreement with Eq. [12] , such that comparable values of the out-ofphase and in-phase amplitude can be achieved at high H 1 for long T 1 -values.
Dependence of the First-Harmonic Out-of-Phase Intensities on T 1 (and T 2 )
It follows from Eqs. [18] and [19] that the ratio of the integrated intensities, Ј 1 , increases with increasing spin-lattice relaxation time as T 1 2 at moderate degrees of saturation, and is linear in T 1 at higher degrees of saturation. Thus, the out-ofphase non-linear, first-harmonic spectrum is more sensitive for T 1 -measurements than are conventional progressive saturation experiments on the first-harmonic in-phase spectrum. The double-integrated intensity of the latter is determined by the factor ͌ A ϩ ͌ (1 ϩ s) , which depends on spin-lattice relaxation time approximately as T 1 1/2 (see Eq. [9] ). The predicted dependences on spin-lattice relaxation time of the normalized double-integrated intensity of the out-of-phase first-harmonic absorption spectrum are given in Fig. 5 , for Zeeman modulation frequencies of 100 and 25 kHz. Corresponding dependences on T 1 for the normalized peak amplitudes of the out-of-phase first-harmonic absorption spectrum are given in Fig. 6 . Again, the dependences predicted from the approximate analytical solution (Eq. [18] ) agree with the exact numerical solution (cf. Eqs. [1] and [2] ) for m T 1 Ͻ 1, but deviate considerably for m T 1 Ͼ 1. (In particular, the approximate expression does not exhibit such pronounced leveling off of the intensity ratio at high T 1 ). The optimum T 1 -sensitivity at a modulation frequency of 100 kHz is in the range of T 1 ϭ 0.5-3 s (Fig. 5A ). This interval, however, can be increased considerably to higher values of T 1 by using lower modulation frequencies. In fact, as seen from Eq. [19], for m 2 T 1 2 Ӷ 1 the dependence of the integrated intensity ratio no longer levels off with increasing T 1 . For a Zeeman modulation frequency of 25 kHz, the integral intensity ratio increases approximately linearly with T 1 for values up to T 1 ϭ 5-6 s and continues to increase steadily beyond this (see Fig. 5B ). Moreover, the intensity ratios at high microwave H 1 -fields can become comparable to, or even greater than, those at a modulation frequency of 100 kHz. These conditions favor using high values of H 1 and lower modulation frequencies for T 1 -determinations from non-linear first-harmonic EPR spectra.
It is found from Eq. [18] and the form of Fig. 5 that the dependence of the integral intensity ratio on the T 1 -relaxation time can be approximated by the semi-empirical expression
where the parameters aЈ 1 and bЈ 1 depend on H 1 , the T 2 -relaxation time, and the Zeeman modulation frequency. The functional form that is given in Eq.
[20] can be used to parameterize the calibration of the measured integral intensity ratios in terms of
FIG. 4.
Dependence of the out-of-phase to in-phase ratios of (A) the double-integrated spectral intensities and (B) the spectral peak amplitudes of the first-harmonic absorption EPR spectra on the H 1 -field strength. Spectra were simulated without approximation according to Eqs. [1] and [2] for the values of T 1 indicated and their intensities evaluated (full lines). The integral intensities calculated from the approximate analytical Eq. [18] are given by the dotted lines in (A). The modulation frequency is m /2 ϭ 10 5 s Ϫ1 and the intrinsic homogeneous linewidth is ⌬H (ϭ1/␥ e T 2 ) ϭ 2.0 G.
the T 1 -relaxation time, where aЈ 1 , bЈ 1 , and the exponent m are the calibration parameters. These values are given in Table 2 , along with corresponding values for an equivalent calibration of the amplitude ratios from Fig. 6 . In all cases, the T 1 -dependences in Figs. 5 and 6 obtained from exact simulations are well fit by the empirical form given by Eq.
[20], with the parameters given in Table 2 . Differences of the fits from the full lines shown would be barely discernible in these figures. From comparison of Fig. 6 with Fig. 5 it is seen that the dependence of the first-harmonic out-of-phase/in-phase amplitude ratio, Ј 1 (peak) on T 1 is qualitatively similar to that of the ratio of the integrated intensities, Ј 1 . Again, the amplitude ratio measured at fixed field position also increases as T 1 2 and as T 1 at moderate and higher saturation, respectively, as for the integral ratio (see Eq. [13] ). Moreover, the sensitivity of the amplitude ratio to T 1 is somewhat better than that for Ј 1 , at higher values of T 1 . As for the integrated intensity ratio, the sensitivity of the amplitude ratio to longer values of T 1 increases at lower Zeeman modulation frequencies (see Figs. 6A, and 6B) . The out-of-phase first-harmonic amplitudes are seen to be comparable to the in-phase amplitudes at high values of H 1 and of T 1 (i.e., Ј 1 (peak) ϳ 1). This ensures good signal-to-noise ratio in the non-linear amplitude measurements, under these conditions. As mentioned above, the calibration parameters for the T 1 -dependence of the amplitude parameters are given in Table 2 .
For the non-linear first-harmonic EPR method to be particularly suited to measurements of spin-lattice relaxation, it is desirable that the dependence of the out-of-phase/in-phase integral and [2] and dotted lines are from the approximation given by Eq. [18] . The intrinsic linewidth is ⌬H (ϭ1/␥ e T 2 ) ϭ 2.0 G, except for the two full lines corresponding to H 1 ϭ 0.5 G given in (B), which represent the limits for ⌬H ϭ 1.0 G (upper) and ⌬H ϭ 2.5 G (lower).
FIG. 6.
Dependence of the out-of-phase to in-phase ratio, Ј 1 (peak), of the peak amplitudes for the first-harmonic absorption EPR spectrum on spin-lattice relaxation time, T 1 , at a microwave field of H 1 ϭ 0. . Full lines are from simulations without approximation using Eqs. [1] and [2] with the intrinsic homogeneous linewidths ⌬H (ϭ1/␥ e T 2 ) shown, and dotted lines are with an additional Gaussian inhomogeneous broadening of 1.4 G. amplitude ratios on the transverse relaxation time, T 2 , be relatively slight. It is seen from Eqs. [18] and [19] that the main contribution to the integral ratio, for T 2 /T 1 Ӷ 1, comes from the second term in the outer brackets. The dependence of this term on T 2 becomes weaker at lower modulation frequencies and at increasing extents of microwave saturation. In fact, for m 2 T 1 2 Ӷ 1, when Eq. [19] holds, the integral ratio, Ј 1 , must be virtually independent of T 2 at large values of the saturation parameter, s ϭ ␥ e 2 H 1 2 T 1 T 2 . This conclusion is confirmed quantitatively by exact numerical calculations performed for m /2 ϭ 25 kHz (see Fig.  5B for H 1 ϭ 0.5 G). As for the integral ratio, the amplitude ratio Ј 1 (peak) is also relatively insensitive to the homogeneous broadening (⌬H ϭ 1/␥ e T 2 ), and this residual sensitivity diminishes yet further at lower Zeeman modulation frequencies (see Figs. 6A and 6B). The sensitivity of non-linear first harmonic EPR to T 2 is therefore considerably less than that of the conventional saturation parameter (␥ e 2 H 1 2 T 1 T 2 ) in progressive saturation measurements, and than that of the standard second-harmonic non-linear ST EPR (cf. Ref. (11)).
The effect of Gaussian inhomogeneous broadening on the first-harmonic out-of-phase/in-phase amplitude ratio is also given in Fig. 6 . For Gaussian peak-to-peak linewidths of ⌬H pp G ϭ 1.4 G, which is the maximum value for different nitroxide spin labels in the rapid motion region (19, 20) , the dependence of the amplitude ratio on T 1 is close to that for the case of homogeneous broadening. This is possibly due to a partial cancellation of the effects of inhomogeneous broadening on the out-of-phase and in-phase signals when taking the amplitude ratio, Ј 1 (peak). The out-of-phase/in-phase integrated intensity ratio, Ј 1 , is completely insensitive to inhomogeneous broadening, just as in progressive saturation measurements (13) .
Experimental Determination of Out-of-Phase/In-Phase Ratios for First-Harmonic Absorption Amplitudes and Integrated Intensities
Determinations of the non-linear first-harmonic EPR spectra have been made for a small nitroxide spin label (TEMPONE) in homogeneous solution, and for spin-labeled lipids (5-and 16-PCSL) in phospholipid bilayer membranes. Both the dependence of the saturation behavior on the microwave H 1 -field and the spin-lattice relaxation enhancement by paramagnetic ions have been investigated.
The dependence of the out-of-phase/in-phase ratios on H 1 -field strength for TEMPONE in a 90% glycerol-water solution at 20°C is given in Figs. 7A and 7B, for the first-harmonic absorption integrated intensities and peak-to-peak amplitudes, respectively. Experimental VЈ 1 -spectra for this system at a modulation frequency of 100 kHz and lower values of H 1 were shown in Figs. 1f and 1g . The Zeeman modulation frequency used for obtaining the data given in Fig. 7 is 25 kHz, which is appropriate to determining longer spin-lattice relaxation times from the out-of-phase intensities (as opposed to lineshapes). The inhomogeneous broadening is known to be very small for the TEMPONE spin label: ⌬H pp G ϭ 0.215 G (19). The Lorentzian spin packet width, ⌬H(ϭ1/␥ e T 2 ) ϭ 0.9 G, was obtained from spectral simulations of the in-phase V 1 EPR spectra at subsaturating microwave power. This value, together with Eqs. [1] and [2] , was used to calculate the predicted dependences of the integral and amplitude ratios on H 1 -field strength. For the intensities, a sum was made over all three hyperfine lines and, for the amplitudes, the low-field line was used. A satisfactory fit to the experimental dependences is obtained for effective values of T 1 ϭ 3.0 s (Fig. 7A) and T 1 ϭ 2.85 s (Fig. 7B) . These effective values of T 1 obtained from the integral and amplitude ratios are close to one another and are in reasonably satisfactory agreement with the estimate of Ϸ2.2 s obtained from the VЈ 1 -lineshape transition (see Eq. [17] above, and Figs. 1c,f) .
The 16-PCSL spin label in fluid lipid bilayer membranes also gives rise to sharp spectra in which the three hyperfine components are non-overlapping and devoid of anisotropy (see Fig. 3 ). The out-of-phase VЈ 1 -intensities at high H 1 -fields have been used to determine the effective T 1 -relaxation times, for 16-PCSL in this membrane system, as described previously for TEMPONE in homogeneous solution. In this case, a Zeeman modulation frequency of 100 kHz, which is appropriate for shorter T 1 -values, was used. The results of these determinations are given in Table 1 above. It is seen that the effective T 1 -relaxation times obtained by the out-of-phase intensity method at high H 1 agree rather well with those derived from and possibly also nuclear relaxation (18) . The effective rotational correlation time for the 5-PCSL phosphatidylcholine spin label in gel-phase DPPC bilayer membranes at 15°C, as estimated from the ST EPR spectral lineshapes, is in the region of Ն10 s (e.g., Ref. (21)). This value corresponds to the rigid limit for the first-harmonic spectral lineshapes, i.e., to the no-motion case. Analysis of the low-field spectral component with a Gaussian-Lorentzian deconvolution showed that the lineshape is essentially Lorentzian, with a homogeneous width of ⌬H (ϭ1/␥ e T 2 ) Ϸ 3.0 G. This width was virtually unchanged in the presence of Ni 2ϩ ions. The out-of-phase/in-phase ratios of the V 1 -EPR spectra from samples containing increasing concentrations of Ni 2ϩ are given in Table 3 , for the amplitudes of the low-field maxima, Ј 1 (M I ϭ ϩ1), and for the double-integrated intensities of the entire spectra. The first-harmonic absorption EPR spectra (VЈ 1 and V 1 ) were recorded with a Zeeman modulation frequency of 100 kHz, and high H 1 -field strengths of 0.5 and 0.4 G. Values for the effective T 1 -relaxation time derived from the amplitude and integrated intensity ratios of the non-linear spectra are compared with those obtained from progressive power saturation experiments in Table 3 . For the latter, the effective T 1 was calculated from the saturation factor and the T 2 -value obtained from the homogeneous linewidth. The effective values of T 1 obtained by the different methods are in reasonable agreement, and consistent values are obtained from the non-linear firstharmonic spectra at different H 1 -field strengths. The effective spin-lattice relaxation rate, 1/T 1 , obtained from the out-ofphase/in-phase ratios increases linearly with Ni 2ϩ ion concentration, as expected for a true paramagnetic relaxation enhancement (see Fig. 8 ). The non-linear first-harmonic EPR spectra are therefore seen to be suitable for determining spin-label T 1 -relaxation enhancements in biological systems.
FIG. 7.
Experimental dependence on H 1 -field strength of the out-of-phase to in-phase ratios of (A) the double-integrated intensities and (B) the peak-to-peak low-field amplitudes in the first-harmonic absorption EPR spectra from the TEMPONE spin label in 90% glycerol/water solution at 20°C. The modulation frequency is m /2 ϭ 2.5 ϫ 10 4 s Ϫ1 . The lines give the predicted dependence without approximation according to Eqs. [1] and [2] with a homogeneous linewidth of ⌬H ϭ 0.9 G and (A) T 1 ϭ 3.0 s (full line); (B) T 1 ϭ 2.9 s (dotted line) or T 1 ϭ 2.8 s (dashed line). . The line is a linear regression to the data points.
